Two-dimensional quantum well states in ultrathin metal films generally exhibit a dispersion relation of s-p-derived states that can be described through an effective mass of the corresponding bulk band. By contrast, the effective masses in Pb quantum well states on Si͑111͒, measured through angle-resolved photoemission, are up to an order of magnitude larger than those from the bulk states or predicted by slab calculations, while similar anomalies are not observed in the related In/ Si͑111͒ system. We interpret these data in terms of an enhanced electron localization, and use them to interpret recent scanning tunneling microscopy results.
The physical properties of ultrathin epitaxial metallic films exhibit marked differences compared to those of the bulk, through the effect of electron confinement in the film, and the influence of film-substrate and film-vacuum interfaces. Electron confinement leads to the formation of discrete quantum well states ͑QWS͒, 1 which may play a decisive role in many film properties, such as growth morphology, 2 "magic" or "critical" thicknesses, 3 oscillations in the magnitude of the superconducting transition temperature, 4 and oscillations in the direction and magnitude of the Hall effect. 5, 6 Moreover, the study of confinement in metal films has led to important observations of fundamental properties of metals, such as a detailed study of electron-phonon coupling. 7 In extended metal films, electron motion is only confined in the ͑z͒ direction normal to the film. Hence, quantum well states are expected to exhibit a dispersion relation E͑k ʈx , k ʈy ͒ for the component of electron wave vector k ʈ along the x and y directions parallel to the film, that is similar to the bulk band from which they are derived. This is in fact found in studies of quantum well states in s-p metals such as Ag, 8 Al, 9 and Mg. 10 Effective masses m * are used to describe the dispersion with the parallel component of the wave vector k ʈ in these s-p-derived bands, E = ប 2 k ʈ 2 /2m * . As determined experimentally from angle-resolved photoemission studies, they generally agree well with those from theoretical calculations based on free-standing films. This indicates that the influence of interface structure and confinement on this aspect of electron dynamics is negligible. However, there are cases in which a marked change in effective mass has been suggested. 11 We show that in the Pb/ Si͑111͒ system, a widely used model for metallic quantum wells, 12 the effective mass m * of the Pb-6p z band is increased dramatically in Pb quantum wells, while no deviation from the normal behavior in other metallic quantum well systems is found in In/ Si͑111͒. Due to the fact that indium is, similar to lead, nonreactive with silicon, has almost exactly the same lattice constant ͑albeit with a different structure͒, and is also an s-p metal with only one valence electron less, In/ Si͑111͒ is closely related to Pb/ Si͑111͒. We conclude that the observed effects are due to an enhanced electron localization, and discuss its occurrence in this particular system. Recent scanning tunneling microscopy ͑STM͒ results are interpreted in terms of our data.
The experiments were performed in a -metal ultrahigh vacuum chamber with a base pressure better than 3 ϫ 10 −10 mbar. An n-doped Si͑111͒ sample was cleaned by flashing to 1200°C. Surface cleanliness was confirmed by the presence of surface states and a 7 ϫ 7 reconstruction. The Si͑111͒ :Pb ͱ 3* ͱ 3R30°surface reconstruction ͓henceforth referred to as Si͑111͒ ͱ 3͔ was obtained by low-temperature deposition of 2.5 monolayers ͑ML͒ of Pb on the clean Si͑111͒, followed by an anneal to around 350°C. After cooling down again to 110 K, the ͱ 3* ͱ 3R30°surface reconstruction was confirmed with low-energy electron diffraction ͑LEED͒. Pb was evaporated on top of this surface from a homemade Knudsen cell at a deposition rate of 0.18 ML per minute. Similar results were found for Pb layers deposited on the cleanSi͑111͒ 7 ϫ 7 surface. Indium layers were deposited in a similar manner onto clean Si͑111͒ 7 ϫ 7, at a sample temperature of 60 K. The measurements were performed at the TGM-4 and 10 m NIM beamlines at BESSY in Berlin. Data were recorded with a Phoibos 100 analyzer equipped with a two-dimensional ͑2D͒ CCD detector ͑Specs GmbH, Berlin͒. We compare our experimental data with localdensity approximation ͑LDA͒ band structure calculations, which were performed with the localized spherical wave method as described by v. Leuken et al., 13 is adapted from the augmented spherical wave ͑ASW͒ method. 14 The Pb quantum well is modeled by a slab of 10 monolayers Pb separated by 10 monolayers of empty spheres.
Angle-resolved photoemission is ideally suited to determine electronic band dispersions in a wide variety of systems, 15 and in electron energy analyzers, which permit a display of E͑k͒ in an imaging mode, patterns due to emission from band states can be directly observed. Consider the photoemission intensity plots, given as a function of electron wave vector k ʈ and energy below the Fermi level E F , for the Pb/ Si͑111͒ and In/ Si͑111͒ systems in Fig. 1 . Both sets of data were recorded for the same thickness. They exhibit the quantum well states derived from the Pb-6p z and In-5p z bands at k ʈ = 0. It is obvious that their dispersion with k ʈ is markedly different. First, a strong interaction with the topmost silicon valence band occurs in the indium data, and to a lesser extent in the Pb data ͑see also Fig. 2͒ . This interaction has also been observed in other systems, for example, Ag on Ge. 16 In determining the effective masses, we take this effect into account, as described below, i.e., we fit the free-electronlike parabola only to the region where the interaction with the substrate bands is absent. For the indium data in Fig. 1 , this restricts the analysis to the region 0.35Ͻ k ʈ Ͻ 0.6 Å −1 . However, it is obvious, even from this small range, that the curvature of the dispersion is very different from that of the QWS in Pb. Applying this detailed analysis of effective masses, based on a fitting of lines for different k ʈ , results in a factor 7 difference, i.e., m * = 1.2 for In/ Si͑111͒ and m * = 8 for Pb/ Si͑111͒ ͱ 3.
Inserted in the Pb figure is a slab calculation of electron states in thin Pb films based on the density functional theory ͑DFT͒ as described above. The features dispersing downward toward the edge of the Brillouin zone, crossing the Fermi level at approximately 0.6 Å −1 , are related to the 6p x and 6p y states; this behavior is reproduced in the experimental data. However, there is a strong discrepancy between calculations and measurement in the dispersion of the quantum well states near the center of the Brillouin zone. The calculations show a free-electron-like behavior with an effective mass varying from 0.6 m e at 4 eV below E F to 2 m e at 6 eV above E F ͑not included͒. Contrary to the LDA calculations the measured QWS band hardly disperses at all.
The effective masses of quantum well states show a decreasing trend with coverage. This is to be expected, since in the limit of thick films, approaching the bulk regime, m * should reach the corresponding value for the bulk band. Figure 2 shows the in-plane dispersion close to the Brillouin zone center for films of 17 and 22 ML thickness on Si͑111͒ ͱ 3. Even for films of 22 ML, the effective mass is 5.2 m e for the highest occupied quantum well state. Effective mass values were obtained by taking slices through the image every 0.023 Å −1 , which results in a set of electron distribution curves similar to those measured with a single channel angle-resolved electron energy analyzer. These spectra were then fitted to obtain peak positions for the QWS as a function of in-plane momentum. By accurately analyzing the features in the images, spectra, and fits, the QWS can be distinguished from any substrate features that are in the same region, in a manner comparable to studies by Aballe et al. rabola of the QWS can be clearly distinguished from the downward parabola from the topmost valence band edge of the Si͑111͒ substrate ͑red dashed line͒. The black dotted line indicates the fit performed to extract the effective mass for the Pb quantum well state. For clarity, the dispersion expected from DFT calculations is represented by the green solid line.
The development of quantum well features with coverage ͑Fig. 2͒ demonstrates that the films grow in a smooth, layerby-layer manner, since no features are observed from a mixture of thicknesses. This is also confirmed by the sharpness of the observed LEED spots. Quantum well states are mainly observed above the valence band edge of the silicon substrate, except for the small overlap in Fig. 2͑c͒ , showing that effective confinement occurs mainly in the Si fundamental band gap. This corresponds very well to other observations for this system. 18 The magnitude of the effective mass parameter, which serves to describe the bands above, is related to the localization of states from which they are derived. However, in this interpretation based on effective masses from dispersing quantum well bands, other factors that may influence their dispersion also need to be considered. One of these is the phase shift of the electron waves at the interface. In the socalled phase accumulation model, 19 the existence of quantum well states is governed by the Bohr-Sommerfeld quantization rule
where N is the number of layers, a is the layer thickness, n is an integer, and b , c are the phase shifts at the vacuum and substrate sides, respectively. The value for the phase shifts is generally a function of energy and k Ќ , and a change of the accumulated 's by an amount on the order of might significantly alter the observed binding energies, and might possibly be able to mimic a larger effective mass. Upton et al. 20 have explained the large effective masses in Pb/ Si quantum well states along this line of argument, on the basis of the interaction between the quantum well states and the silicon bulk bands. This interaction ͑"hybridization"͒ causes the bands to repel, leading to an apparent increase of m * , an explanation that may be rephrased by postulating a k ʈ -dependent phase shift of the electrons in the quantum well at the Pb-Si interface. Wu et al. 21 have suggested that the influence of the bands in the substrate on the phase shift at the interface can be substantial for metallic substrates. The band dispersion in their substrate ͑cobalt͒ is, however, opposite to that in Si͑111͒. Moreover, it is comparable to that of Cu, such that for Pb on Cu a similar effect as described should be expected, whereas for Pb on silicon the effect should be the opposite. In contrast, for Pb layers on Cu͑111͒ no increase in the effective mass has been observed in coverages above 3 ML. 22 The fact that we observe large effective masses even in layers of more than 22 ML thickness, where according to Eq. ͑1͒ the influence of the phase shift at the interface is necessarily small, also renders this explanation unlikely. In Fig. 3 , we show the dependence of the effective mass in lead and indium films on Si͑111͒ as a function of coverage and binding energy. While the effective mass exhibits an increase in Pb films for QW states near E F , it remains large even for states well below the onset of the Si substrate bands. The trend with thickness shows that even for 22 ML films there is a large discrepancy between the calculated and experimental data.
The interpretation of a k ʈ -dependent phase shift to account for an enhancement of m * is thus at variance with our above results and other data. The interaction between the silicon bulk bands and the QWS bands is seen to be clearly restricted to a small region of k space and does not affect our determination of m * . Moreover, it does not explain the absence of an effective mass increase for the QWS in indium layers on the same substrate ͑see Fig. 1͒ , since the shape of the substrate bands is the key ingredient in this argument ͑for a plot of trends in m * with thickness and binding energy for these two systems, see Fig. 3͒ . For Ag, Al, and Mg films on Si͑111͒, where s-p-type bands cover the range from well below the band edge up to the Fermi level, across the fundamental band-gap edge, again no effect is seen, and effective masses agree with bulk values and/or slab calculations. 9, 10, 23 There is no dependence of the effective mass on the structural details at the interface, since it occurs for Pb films on the bare Si͑111͒ 7 ϫ 7 as well as on the reconstructed ͱ 3 surface.
Having thus excluded an influence of the interface and substrate bands that might lead to the unusual band dispersion, and considering the large differences between the indium and Pb data, we are led to consider that the electron states in the Pb quantum wells exhibit a higher degree of in-plane localization. X-ray diffraction ͑XRD͒ studies of the Pb/ Si͑111͒ system have revealed a bilayer oscillation in the interlayer spacing, 24 persisting also for higher coverages, that are not present in bulk Pb data. This indicates that the layer is not fully relaxed in the direction perpendicular to the substrate. In Fig. 1, the 6p x,y states are seen to behave as expected from theory, the localization is only present in the 6p z states. Therefore, we suggest that there occurs a structural alteration, which minimizes the overlap of the 6p z states in the direction parallel to the surface. A thickness-and energy-dependent change in quantum well state dispersion caused by enhanced electron localization is supported by other experimental observations. First, the Hall effect in thin Pb films on Si͑111͒ shows an oscillatory reversal of sign as a function of thickness, 5 indicating a size quantization effect on the specific resistivity. This observation cannot be fully explained on the basis of electron confinement based either on free-electron-like states, or on details of the Pb band structure in the ͑111͒ direction. 6 A consideration of the large in-plane effective masses found here might be useful for an interpretation of the Hall effect observations. Second, Altfeder and co-workers have observed, in scanning tunneling microscopy experiments, that the Si͑111͒ 7 ϫ 7 reconstruction can be imaged through Pb layers of more than 100 Å thickness, 25 suggesting that the lateral spread of electrons injected into the layer is extremely small; a similar effect in indium layers is restricted to very small thicknesses. As shown in Fig. 3 , at a coverage above 8 ML the effective masses in indium QWS are similar to those of bulk bands. Altfeder and co-workers have interpreted this result in terms of a large anisotropy of the effective masses associated with in-plane and transverse electron motion. The observation of atomic scale features in tunneling experiments of electrons transmitted through a Pb layer of considerable thickness on Si͑111͒ shows that the "defocusing" of the tunneling electrons in an energy region close to the Fermi level is extremely small, demonstrating the lateral localization of such states. An in-depth interpretation of our unusual results has to await theoretical treatment, which includes the Pb/ Si͑111͒ interface. However, band structure calculations for this system have to take into account the large lattice mismatch, a serious complication, and ͑except for one attempt in which the Si lattice constant was artificially reduced by 9%, 18 actually resulting in a metallic substrate͒ are not yet available.
In conclusion, our angle-resolved photoemission results show that the lateral effective masses in Pb quantum well states on Si͑111͒ are up to an order of magnitude larger than those from the bulk states or predicted by slab calculations. From a comparison with related metallic quantum well systems on Si͑111͒, and in agreement with recent suggestions from scanning tunneling microscopy studies, we interpret these results in terms of strongly enhanced lateral electron localization. 
